Progress in superconducting qubit experiments with greater numbers of qubits or advanced techniques such as feedback requires faster and more accurate state measurement. We have designed a multiplexed measurement system with a bandpass filter that allows fast measurement without increasing environmental damping of the qubits. We use this to demonstrate simultaneous measurement of four qubits on a single superconducting integrated circuit, the fastest of which can be measured to 99.8% accuracy in 140 ns. This accuracy and speed is suitable for advanced multi-qubit experiments including surface code error correction.
With recent results showing high fidelity one and two qubit logic gates [1, 2] , superconducting qubits have become a leading candidate for experiments in large scale engineered quantum systems. Realization of complex experiments in quantum information such as error correction [3, 4] , quantum simulation [5] , cluster state quantum computing [6, 7] , and measurement feedback [8, 9] will require state measurements to be interleaved with coherent manipulations. For example, error correction protocols like the surface code repeatedly measure parity operators to detect and correct errors. This requires the measurement process, like the gates, to be much faster than the qubit coherence time. In particular, the measurements must be switched on and off quickly so that the measurement channel does not continuously collapse the qubit state during coherent manipulations. Additionally, an ideal detector suitable for a large system multiplexes to many qubits without introducing correlated qubit errors.
Accurate measurement of superconducting qubits is a major challenge because the measurement apparatus introduces damping which lowers the qubit's energy relaxation time T 1 . Transmon qubits [10] are measured dispersively; a probe signal applied to an auxiliary linear resonator coupled to the qubit acquires a phase shift that depends on the qubit's quantum state [11] . Coupling to the environment through the resonator leads to qubit damping via the Purcell effect [12, 13] . This places a limit on measurement speed as the resonator coupling to the environment, characterized by a leakage rate κ r , must be large enough to get photons into and out of the resonators quickly, but weak enough to prevent environmental damping from lowering T 1 . Introducing a filter between the qubit and environment eases this constraint by suppressing damping at the qubit frequency while maintaining strong coupling between the resonator and environment. Increased T 1 was demonstrated previously with a notch filter placed in series with the resonator, but measurement speed was not studied [13] .
Recent experiments demonstrating quantum jumps, state heralding, dressed dephasing, single quantum tra- (a) Micrograph of the device with lumped element model (inset). The qubits q are coupled through a capacitor Cg to the voltage anti-node of the λ/4 measurement resonator r. The resonators are coupled via capacitors Cκ to the filter resonator F . The red arrow indicates how energy leaves the system. (b) Transmission spectrum S21 of the detector. Transmission measured on a test chip is shown by the heavy (black) curve, and a Lorentzian fit is shown by the thin (green) curve. The measurement resonators are in the passband where the transmission is large, whereas the qubits are off resonance and thus protected from the environment. The inset shows a detail of the spectrum from the chip used in this experiment. Each dip in the transmission curve comes from one measurement resonator.
jectories, and joint qubit readout have focused on a single channel of quantum information [14] [15] [16] [17] [18] . Furthermore these experiments used either long measurement times or qubits with coherence strongly limited by the measurement system. To make progress toward more complex experiments including a stabilized logic element or high fidelity feed-forward schemes, high measurement ac- curacy and speed in the transient case must be demonstrated in a multi-qubit system.
In this Letter we present a scalable qubit state detector, based on a bandpass filter, and use it to implement high speed, high accuracy multi-qubit state measurement. We introduce a design formula based on the κ r T 1 product that characterizes the tension between the transient response rate of the measurement resonator κ r and the maximum qubit T 1 due to environmental damping. The bandpass filter design dramatically increases the κ r T 1 limit to ∼ 6700, with κ r = 1/19 ns in the fastest of four qubits. Based on these results, we expect that an optimized design could reach κ r = 1/10 ns while allowing a T 1 above 100 µs. We find that the bandpass filter allows four qubit simultaneous measurement with intrinsic fidelities reaching 99% in less than 200 ns after the start of the measurement pulse.
We achieve this fast measurement by integrating a bandpass filter into a multiplexed resonator system [19] . The device, shown in Fig. 1(a) , has four qubit/resonator pairs, designed to test the performance of different compromises between measurement speed and environmentally limited T 1 . The filter is implemented as a quarter wave (λ/4) coplanar waveguide resonator embedded directly into the feed line. Interruption of the feed line by a capacitor (port 1 in Fig. 1(a) ) imposes a voltage antinode, while a ground connection at a distance λ/4 imposes a voltage node. The resulting standing wave mode creates a bandpass filter as shown in Fig. 1(b) . By placing the measurement resonator frequencies but not the qubit frequencies in the pass band, the measurement resonators are strongly coupled to the environment without damping the qubits. The measurement signal couples out of the filter into the measurement environment through a tap near the voltage node. The energy leakage rate, and thus the quality factor of the filter Q F , is set by the fraction of the total voltage at this tap-off point; we designed for Q F = 30 which gives enough bandwidth for several measurement resonators while allowing high qubit T 1 .
Each qubit's resonator is connected in parallel to this common filter through a capacitance C κ , and each qubit is connected to its resonator by a capacitance C g to give a qubit-resonator coupling strength g/2π between 50 and 150 MHz.
The design was based on an analytic theory of the κ r T 1 product, which characterizes the limit on the measurement rate κ r for a given environmentally limited qubit lifetime T 1 . For the unfiltered case the product is constrained by κ r T 1 ≤ (∆/g) 2 , where ∆ ≡ ω q − ω r is the qubit-resonator detuning. The product cannot be effectively increased by raising ∆ because this requires a corresponding increase in g to maintain a measurable dispersive phase shift [10] . Introducing a bandpass filter increases the κ r T 1 product to [20] 
The second factor in Eq. (1) allows faster measurement without lowering T 1 ; for fixed κ r , ∆, and g the new limit exceeds the unfiltered one by a factor of 4Q row in Fig. 1(b) . Device parameters are given in Table I . With the parameters from the second row of the table and ω q /2π = 5.5 GHz, we compute a T 1 limit of ∼ 570 µs, which greatly exceeds the T 1 limit imposed by other decay channels in the experiment. The superconducting Xmon transmon qubits were fabricated from etched Al films on a sapphire substrate as in Ref. [21] . We include additional lithography and deposition steps to form Al on SiO 2 dielectric wire crossovers to suppress spurious modes on the chip and reduce parasitic inductances responsible for large unwanted frequency shifts in the filter resonance [20, 22] .
We use a multi-tone signal, generated with a custom microwave frequency arbitrary waveform generator, to simultaneously probe each of the measurement resonators [19] . Each qubit imparts a state dependent phase shift to one frequency component of the measurement pulse. The phase shifted signal is amplified by a Josephson parametric amplifier (paramp) with near quantum limited performance over a bandwidth of 600 MHz and a 1 dB compression point of approximately -107 dBm [23] . The large bandwidth and saturation power of the amplifier was critical in our ability to simultaneously measure all four qubits. The signal is weakly filtered by a 250 MHz Gaussian filter before it is digitized, and the amplitudes and phases for each frequency component are extracted. For each frequency this yields a point in the quadrature (IQ) plane that depends on the state dependent phase shift imparted by the qubit.
Each measurement pulse consists of a very short (25-50 ns) high-power transient to ring up the resonator as quickly as possible, followed by a short sustain pulse (150 ns), as shown in Fig. 2(a) . The resonator rings down naturally, with a decay rate κ r = ω r /Q r , which is the slowest part of the sequence as shown in Fig. 2(b) . The qubit can only be coherently manipulated again after several resonator decay time constants.
The IQ points for many single-shot measurement events in which the qubit was prepared in the |0 and |1 states are shown in Fig. 3 . Each point is generated by integrating from the beginning of the demodulated measurement signal (time = 0 in Fig. 2 ). Shots are recorded as |0 or |1 according to which cloud's centroid is nearest to the resulting IQ value.
At equilibrium, our qubits have a 5-10% probability to be in the excited state. To separate this effect from other sources of error, we use heralding [15] ; we begin each sequence with an initial measurement and discard trials where the qubit does not start in the ground state.
Focusing on a single qubit-resonator pair Q 2 , we measure the qubit and resonator frequencies spectroscopically, and then find the probe frequency for which the two IQ clouds corresponding to the qubit ground and excited states are maximally separated. All subsequent measurement pulses on this qubit use this frequency. We calibrated the photon number occupation in the resonator by measuring the AC Stark shift of the qubit [11] .
Measuring the qubits' T 1 versus frequency, we find that in all four designs there was no observable suppression of T 1 at the smallest ∆/2π achievable (approximately 800 MHz) indicating that the filter successfully isolated the qubits from the environment. All four qubits were operated with T 1 values between 10 µs and 12 µs.
In Fig. 3 we show results for a single qubit at a single integration time. For each point we prepare either |0 or |1 with the absence or presence of a π-pulse, and then turn on the measurement. We integrate the measurement signal for 140 ns beginning at the start of the pulse when there are zero photons in the resonator. We characterize the measurement in two ways. First, we consider the "separation fidelity" F s , which characterizes the distinguishability of the Gaussian fits to the IQ clouds of the two qubit states. Because of the finite separation and widths of the clouds, a point drawn from the IQ distribution for either state may be erroneously identified as the other state. We define F s as the probability that a point drawn from the fitted distribution for either state is correctly identified. Here we find F s = 99.8%. Second, we define the total measurement fidelities {F |x } as the prob-ability that a qubit prepared as |x is correctly identified. This includes unwanted qubit state transitions during the non-zero duration of the measurement. While these errors arise fundamentally from the qubit, we regard them as measurement errors here because they can be reduced with faster measurement. We find F |0 = 99.3% and F |1 = 98.7%.
While separation fidelity is improved by collecting more scattered photons, this requires longer measurement and thus incurs more qubit errors. To fully characterize this time dependence we measured the separation and total fidelities as functions of integration time, as shown in Fig. 4 . We use the same procedure as in Fig. 3 but vary the upper limit in the time integration to generate a time series of IQ clouds from which we extract F s (t), F |0 (t), and F |1 (t). We used F s (t) as an empirical optimal window and re-integrate the data weighted by this window. For clarity we plot the errors, defined as ≡ 1 − F , instead of the fidelities. The separation fidelity reaches 99% at 124 ns after the pulse start, and improves exponentially with increasing integration time.
The data with near constant slope shows that, after the initial transient of the measurement pulse, s (t) decreases at a rate of approximately one decade per 25 ns. This rate depends on the ratio between the detected photon flux and the system noise (SNR). Loss of any scattered photons before they are detected lowers the SNR. As each scattered photon carries partial information on the qubit state it also causes qubit dephasing. This provides a way to measure the fraction of lost photons: we compare the experimental SNR to the dephasing induced by the measurement [20, 24] . In this way we find a quantum efficiency of -9 dB, of which -3 dB can be attributed to using a phase insensitive amplifier [20] . We note that, as it would improve only the steady state SNR but not the transient response, increasing the quantum efficiency would improve the measurement performance only slightly.
The state errors decrease along with the separation error for the first 100 ns before they begin to saturate. This saturation can be explained by considering two deleterious qubit state transition processes. We have measured that in equilibrium our qubits experience upward |0 → |1 transitions with a rate of Γ ↑ ≈ 1/100 µs which result in excited state populations of 5 to 10%. These transitions lead to state preparation errors; with 500 ns between the heralding and final measurements, we expect 0.5% re-population of the excited state before the start of the final measurement. This nearly explains the saturation of F |0 at 99.3%. The second error process is the usual qubit energy relaxation; a qubit transition before the halfway point of the measurement leads to an error. With a measurement time of 140 ns and T 1 = 10 µs we expect an extra 0.7% loss in excited state population yielding an expected limit of 98.8%. This agrees well with the measured F |1 saturation at 98.7%. We also measured all four qubits simultaneously, as shown in Fig. 5 . Three of the four qubits reached 99% separation fidelity within 200 ns. The fourth device, which had the most conservative κ r T 1 product, reached 99% separation fidelity at 266 ns. In order to prevent saturation of the paramp with four simultaneous measurement tones, we reduced the drive power relative to the single qubit measurement. This required an increase in the measurement time which led to slightly lower fidelity than was achieved with a single qubit.
For qubits Q 2 and Q 4 the performance is nearly as good as for the single qubit case. The small degradation of performance comes from increased qubit transitions during the longer measurement time. Qubits Q 1 and Q 3 show lower F |1 . As shown in the inset of Fig. 1 the measurement resonators for qubits Q 1 and Q 3 are closely spaced in frequency (13 MHz) . This close spacing adversely affects the frequency discrimination step of the measurement via spectral leakage, leading to increased measurement error. In addition the measurement photons induce large qubit frequency shifts (200-300 MHz) via the AC Stark effect. This causes the qubits to cross through resonance with material defects and lose |1 population. We were able to work around this problem with careful choice of operating frequency in qubits Q 2 , Q 3 , and Q 4 , but limited total available frequency space led to degraded performance in Q 1 . This problem would be substantially mitigated in devices constructed with epitaxial Al films grown on plasma cleaned substrates [25] as this was shown to produce qubit frequency spectra with a significant reduction in defects [21] .
In conclusion, we have demonstrated fast and accurate multi-qubit state measurement in superconducting qubits. Amplifier saturation power is a key metric for system performance, and further improvements in amplifiers would allow the bandpass filter design to scale to even higher numbers of qubits. This system is suitable for more complex experiments with larger numbers of qubits, and meets the threshold requirements for surface code error correction.
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ENVIRONMENTAL LIMIT OF QUBIT COHERENCE
In this section we present analytic and numerical models of the response-lifetime product κ r T 1 . Because the qubit is nearly harmonic we can use linear circuit theory to calculate T 1 of the excited state |1 [1] . We calculate the Q of an equivalent linear circuit element and then write it in terms of T 1 using Q q ≡ ω q T 1 .
Theory
We first present an analytic calculation. A diagram of the theoretical model is shown in Fig. 1 . The quality factor of the qubit Q q is defined as Q q ≡ energy stored in qubit energy lost per radian .
The energy stored in the qubit is E q = 1 2 C q |V q | 2 where C q is the qubit capacitance and V q is the voltage amplitude at the qubit node as indicated in Fig. 1 . Assuming that the only lossy element in the system is the filter, we use the definition of the filter quality factor Q F to write
where
2 is the energy stored in the filter. Inserting Eq. (2) into (1) yields
where C F and V F are the filter capacitance and voltage amplitude. See Fig. 1(a) . To compute the ratio V q /V F we use voltage division. We make the crucial observation that to calculate the qubit damping we must analyze the circuit impedances at the qubit frequency. Because the qubit is off resonance from the measurement resonator, the measurement resonator's impedance is low and we assume Z g Z r . Therefore with voltage V q across the qubit, we have a current I g = V q /Z g flowing through C g . By similar reasoning Z κ Z r , so most of the current I g flows through the measurement resonator. This gives V r = I g Z r = V q Z r /Z g . Using similar arguments to work through each stage of the circuit we arrive at
Note the shunt impedances in the denominator and the coupling impedances in the numerator.
Next we compute Z r and Z F in terms of their characteristic impedances. The impedance of a parallel harmonic mode is
where δx ≡ (ω − ω 0 )/ω 0 , ω 0 is the resonance frequency, and Z 0 is the characteristic impedance of the resonance (equal to L/C for a parallel LC). Inserting Eq. (5) into (4) we get
where here δx ≡ (ω q −ω r )/ω r , ω r is the measurement resonator frequency, and we assume the measurement resonator and filter have the same resonance frequencies. Inserting Eq. (6) into (3) yields
Equation (7) expresses Q q in terms of circuit element values, but to produce a more useful design formula we must eliminate Z κ in favor of Q r . To calculate Q r we work at the measurement resonator frequency. With the measurement resonator and filter assumed to be nearly on resonance the filter appears as a pure resistance R F = Q F Z 0 F , as shown in Fig. 1(b) . We assume the qubit to be lossless so the filter resistance sets Q r . Using a method similar to that which led to Eq (7) we find
Substituting Eq. (8) into (7) and using Q q = ω q T 1 and Q r = ω r /κ r we find
Equation (9) is most useful when comparing with results from numerical circuit simulators and when choosing values for the actual circuit hardware. For the present experiment in which we use λ/4 resonators it is convenient to use the relation between the filter characteristic impedance and the line impedance Z 0 r = (4/π)Z 0 resulting in
We used Eq. (10) as our design formula.
For an equation applicable to other physical systems we eliminate capacitances and impedances in favor of coupling constants. Using the standard formula for capacitive coupling between harmonic modes
and keeping only the leading order in δx we can reexpress Eq. (10) as
where ∆ ≡ ω q − ω r , and ω r /Q F is the filter bandwidth. Equation (12) provides the link between measurement time and qubit coherence. With our design parameters Q F = 30, ∆/2π = 800 MHz, g/2π = 90 MHZ, ω r /2π = 6.8 GHz, and ω q /2π = 6 GHz we get κ r T 1 = 5050. An engineered leakage rate of κ r = 1/50 ns gives T 1 = 250 us. We designed our four κ r values to range from 1/12 ns to 1/71 ns.
Numerics
We compared Eq. (10) against a numerical simulation of the circuit in SPICE [4] . The circuit model is shown in Fig. 2 . The quality factor of the qubit is determined in a simple two step procedure. First, we replace the qubit with a voltage source. We activate the voltage source with an amplitude V s at frequency ω and record the complex current I s flowing into the rest of the circuit. The admittance of the circuit external to the qubit is then
Second, we compute the T 1 of the qubit as [1]
Results of the simulation with corresponding predictions from Eq. (10) are shown in Fig. 3 . We plot the T 1 limit versus detuning between the qubit and measurement resonator for several values of Q r . We note that the simple linear theory agrees very well with the numerical result up to ∆/(2π) ≈ 1 GHz. The disparity at larger detunings probably comes from the assumption, made in deriving Eq. (4) , that the coupling capacitance impedances Z g and Z κ are much larger than the resonator impedances at the qubit frequency.
QUANTUM EFFICIENCY
The rate of separation fidelity improvement during the equilibrium part of the measurement increases with increasing flux of detected measurement photons. Each measurement photon carries information about the qubit state and therefore incurs dephasing of the qubit [2] . This results in a direct relationship between the separation of the measured IQ clouds and the qubit phase coherence (ignoring any additional decoherence channels in the qubit)
Here ρ 10 is the amplitude of the off-diagonal elements of the qubit density matrix, s is the distance between the centers of the |0 and |1 IQ clouds, and σ is their widths (assumed to be equal). Equation (15) provides a means of determining the fraction of photons lost to dissipation in the measurement system. Lost photons decohere the qubit, but do not contribute to the separation of the IQ clouds. Therefore, by measuring the cloud separation and the dephasing induced on the qubit, we can extract the fraction of photons lost in the measurement process. We found a photon collection efficiency of -9 dB, or 12.6%. We attribute -3 dB to using a parametric amplifier (paramp) in phase preserving mode [3] , -2 dB from infrared filters used on the signal output line, and the rest to a combination of losses in microwave switches, circulators, and connectors. There is also a small amount of added noise from the HEMT amplifier due to the finite gain of the paramp.
EXPERIMENTAL SET-UP
Here we describe the experimental set-up. A schematic is shown in Fig. 4 . Measurement pulses are generated through sideband mixing. A custom dual channel 14-bit 1 GS/s arbitrary waveform generator (AWG) generates 20-200 MHz signals which are mixed with a local oscillator (LO) to generate shaped pulses at GHz frequencies. The AWG signal is a superposition of frequencies, one for each measurement resonator, so that the signal sent to the chip consists of four frequency multiplexed measurement pulses. The signal arriving at the chip is mostly reflected by the input capacitor of the bandpass filter, and only a small fraction enters the filter. Each one of the frequency multiplexed pulses is then phase shifted by one of the measurement resonators before leaving the chip through the output port. The small input capacitor ensures only a small fraction of the phase shifted signal is lost by exiting the chip through the input port. After leaving the chip the signal passes through a series of filters, switches and isolators before it is amplified by a parametric amplifier. The signal is then further amplified by a high mobility electron transistor (HEMT) amplifier and room temperature amplifiers before it is down-mixed to MHz frequencies, digitized and recorded by a custom analog to digital converter (ADC). Digital processing then separates the signal into its frequency components and extracts the phase shifts for each component.
